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Abstract — Generally, silicon micro machining technology 
was used in the fabrication of micro thermal sensors, due to the 
possibility of integration with IC on the same sensor chip, and its 
well-established know-hows. However, particular attention is 
necessary due to its features of high thermal conductivity and 
mechanical brittleness. In this paper, the design points in the 
applicable structure of arrayed micro thermal sensor are 
discussed in detail by means of simulation analysis combine with 
the fabrication process technology. 

Index Terms — MEMS, thermal sensor, array sensor, 
fingerprint capture, structural design 


I. INTRODUCTION 

Micro thermal sensors have been widely used in the 
application of temperature or flow sensing and it is also 
possible even in the application of fingerprint pattern capture. 
Generally, silicon micro machining was used in the 
fabrication of these sensors, due to the possibility of 
integration with IC on the same sensor chip, and its 
well-established technology. However, particular attention is 
necessary because silicon possesses features of high thermal 
conductivity and mechanical brittleness. Here, silicon micro 
machining technology is need to be briefly introduced first. 
Silicon micro machining can be divided into following two 
categories: bulk and surface micromachining. 

In bulk micromachining, the wet and dry silicon etching 
techniques is used employing etch masks and etch stops to 
sculpt mechanical devices from a silicon wafer. The mixture 
of hydrofluoric acid, nitric acid and acetic acid (HNA) is an 
isotropic silicon etchant with silicon nitride as the etch mask. 
Certain other chemicals, such as 

ethylene-diamine-pyrocatechol with water (EDP or EPW), 
tetramethyl ammonium hydroxide (TMAH), hydrazine 
solution and potassium hydroxide (KOH) solution are 
anisotropic silicon etchants with silicon dioxide or silicon 
nitride as the etch mask. Anisotropic etchant etches silicon 
much faster in (100) and (110) crystallographic directions 
than the (111) direction, which allows the design of 
microstructures to be naturally bounded by {111} crystalline 
planes. The vertical etch stop can be (a) a heavily 
boron-doped layer buried under the epitaxial layer, (b) silicon 
dioxide in SOI wafers, and (c) p-n junction (for 
electrochemical etching). It is generally agreed that silicon 
bulk micromachining using wet chemical etching is a mature 
technology and many silicon micro structures including 
beams, diaphragms, nozzles, etc. have been made. These 
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micro structures have formed the building blocks of many 
MEMS devices. Nevertheless, there are some disadvantages 
for bulk micromachining using wet anisotropic etching. For 
example, the geometry that can be made is generally limited 
by the silicon crystalline orientations; bulky corner 
compensation structures are often needed in order to make 
convex structures such as beams; the choices of etch mask are 
extremely limited. In contrast, dry etching processes do not 
have these problems and have recently attracted more 
attention. These include laser drilling, reactive ion etching 
(RIE), ion milling and even micro 
electro-discharge-machining (EDM). However, generally the 
equipment for dry etching process is expensive. 

In surface micromachining, microstructures are fabricated 
on the surface of the silicon substrate by consecutive 
deposition and patterning of thin-film structural and 
sacrificial layers. The silicon substrate, however, only serves 
as a mechanical support and usually does not participate in the 
processing. At a certain stage, the sacrificial layers are 
removed by wet or dry etching that does not attack the 
structural layers. Silicon dioxide is the most often used 
sacrificial material, while polysilicon and some metals are 
occasionally used as sacrificial materials. The most common 
structural materials are poly silicon and silicon nitride. The 
dimensions of surface micromachined structures are generally 
one or two order of magnitude smaller than those of bulk 
micromachined devices. One particular advantage of the 
surface micromachined devices is their easy integration with 
IC components, since the wafer surface is also the working 
area of IC elements [1] . 

II. Structural design 

A. Thermal isolation strucutures 

In micro thermal sensor design, the most important 
aspects are sensitivity, response speed, and mechanical 
strength. As far as the sensitivity is concerned, the 
contribution of the sensing-information independent heat 
transfer (e.g., flow-independent heat transfer in flow sensor) 
should preferably be small. To achieve this, the sensing area 
must be thermally isolated from its supporting structure 
sufficiently. Figure 1 shows the easily achievable thermal 
isolation structures by silicon micromachining techniques. 
The simplest structure is formed by a closed membrane. In a 
square area in the center of the chip the major part of the 
silicon has been etched away from the back of the chip, 
leaving only a thin diaphragm at the surface with a thickness 
of typically a few microns. By etching away parts of the 
membrane surface as well, cantilever beams, bridges and 
suspended membranes can be formed. A number of silicon 
micromachined thermal sensors employing the basic 
structures have been reported: closed membrane [210] , bridge 


36 


www.erpublication.org 


Structural design points in arrayed micro thermal sensors (I) - silicon-based approach ~ 


[11 ’ 19] , cantilever [20 ' 23] and floating membrane [24 ~ 27] . However, 
all these are the examples of single element structures. To 
realize an array layout of these single elements, there are new 
thermal design issues compared to those of the single thermal 
sensors. 


(a) Closed membrane 




A 



(b) Cantilever beam 



(d) Floating membrane 




Thermal resistance 

(between sensitive area and the uni) 

(a) < (c) < (b) < (d) 

Mechanical strength 

(a)>(b)>(c)>(d) 


are especially critical in the application of tactile sensors like 
the fingerprint captures. 



Etch stop layer 

/ 




Fig. 1 Basic thermal structures that can be easily created by silicon 
micromachining: (a) Closed membrane, (b) Cantilever beam, (c) 
Bridge, and (d) Suspended floating membrane. 


Fig. 2 Size reduction limited by anisotropic etching constraints: 
(a) Etching is controlled by etch-stop layer, and (b) Etching is 
controlled by etching time. 


B. Previous research in arrayed structures 

Bulk and surface micromachining technology has been 
employed to realize thermal sensor arrays J . In bulk 

micromachining of anisotropic wet etching, the design 
freedom is limited by the crystallographic structure of the 
wafer resulting in limitations for the miniaturization of 
arrayed element size. When fabricate a thermal isolation 
diaphragm structure on a (100) silicon wafer (thickness: d) by 
backside anisotropic wet etching, there exists a length limit of 
l min = 2d (cot 54.74°) due to the inclined walls given by the 
etch-stopping (111) planes as shown in Fig. 2. The size of the 
array cell should not be shorter than the length in the 
corresponding direction. By front-side undercut etching, 
denser of the elements array is possible [40] . Surface 
micromachining enables small structures and offers a high 
freedom of design, however, the maximum gap distance 
between the functional layers and the silicon substrate is 
typically only several pm [31] . Figure 3 shows one example of a 
surface micromachined element structure corresponding to 
340x240 elements with an element size of 50x50-pm 2 for the 
fabrication of uncooled focal plane arrays [29] . Here, the gap 
between the functional layer and the silicon wafer is 2.5-pm. 
In another study [30] , the gap was 0.6-pm with the supporting 
diaphragm thickness of 0.9-pm for the uncooled IR 
bolometric detector arrays. Drawbacks of surface 
micromachining are stress in the structure film, and possible 
sticking of the structures to the substrate [31] . These problems 


Floating membrane supporting the microbolometer 



(a) 



(b) 

Fig. 3 Element structure of a matrix thermal sensor array by surface 
micromachining. This structure was developed at Honeywell, USA 
and applied for designing uncooled focal plane arrays [29]: (a) 
Single element, and (b) Arrayed elements image. 
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TABLE I. Some realized thermal sensors from previous researches 


Ref. 

Element number 
and arrangement 

Elemet size 
(square pm) 

NEcroma chining 
technology of 
thermal structure 

Type of thermal 
structure 

Material of 

tliremal 

structure 

Transducer 

principle 

Transducer 

material 

Application 

[28] 

32 linear 
staggered 

800 x400 

bull: back-side 

closed membrane 

SiOySi 3 N 4 

thermoelectric 

poly-Si/Au 

Infrared 

sensing 

[32] 

3 linear 

3000 x440 

bulk fron-tside 

cantilever beam 

n-Si 

thermoelectric 

doped Si 

Infrared 

sensing 

[33] 

16 linear 
staggered 

2000 x600 

bulk back-side 

closed membrane 

Si0 7 /Si 3 N 4 

thermoelectric 

S’ljp g-iSl?Q Sb 

Infrared 

sensing 

[34] 

4 linear 

600 x 500 

bulk front-side 

bridge 

SiQ 2 /Si 3 N 4 

thermoelectric 

n-p poly-Si 

Infrared 

sensing 

[40] 

64, 123, 256 

linear 

50x50 

100 xlOO 

bulk front-side 

floating membrane 

Si 3 N 4 

thermoresistive 

vg 7 

Uncooled 

ER bolometer 

[35] 

32x32 

375 x375 

bulk front-side, 
bulk back-side 

closed membrane 

SiG 7 /Si 3 N 4 

thermoelectric 

n.'p poly-Si 

Uncooled 

IR imager 

[29] 

340 x 240 

50x50 

surface 

floating membrane 

Si 3 N 4 

thermoresistive 

VGx 

Thermal 

imaging 

[30] 

64x64 

12S xl28 

50x50 

100 xlOO 

surface 

floating membrane 

Si 3 N 4 

thermoresistive 

vq 2 

Uncooled 

IR bolometer 

[36] 

10 linear 

40 x 40 

surface 

floating membrane 
bridge 

SiQ 2 

thermoresistive 

YBaCuO 

(semicond.) 

Bolometer 

m 

12S xl28 

100 xlOO 

surface 

closed membrane 

SiQ 7 

thermoelectric 

n.p poly-Si 

Uncooled ER 
focal plane 

[38] 

256 X256 

40 x40 

surface 

floating membrane 

Si 3 N 4 

thermoresistive 

VQ 2 . doped Si 

Infrared 

sensing 

[39] 

128 X 128 

50x50 

surface 

floating membrane 

Si0 7 

thermoresistive 

Ti 

IR bolometer 


Comparing to the surface micromachining, bulk 
micromachining technology is a well-established and 
understood technology, provides a reliable industrial process 
and requires only a small investment for the etching 
equipment. Further, by bulk micromachining, the problem of 
sticking between the diaphragm and the substrate can be 
avoided. Table I summarizes some realized thermal sensor 
arrays from the previous researches. 


The thermal resistance has unit of KW" 1 . The reciprocal of the 
thermal resistance is the thermal conductance G (in WK' 1 ). 

Analogous to the electrical capacity, the thermal capacity of a 
body is defined as the ratio of the increase in the amount of 
energy that is stored and the resulting temperature rise. For a 
solid body of mass m and volume V, the thermal capacitance 
is given by: 


III. Thermal analysis 

A. Electrical-thermal analogies 

The behavior of heat flow and temperature in thermal 
systems can be described mathematically by the same 
equations as those used for the electrical currents and voltages 
in electrical systems. The important advantage of this analogy 
is that it is convenient because of the advanced description 
and analysis tools available for electrical circuits, thus 
allowing a good overview of even very complex systems. 
Analogous to the electrical resistance (the ratio of the voltage 
difference over a structure and the resulting electrical current 
through it), it is possible to define the thermal resistance R th as 
the ratio of the temperature difference AT and the heat flow P 
that causes the temperature difference, when the heat flow is 
in the steady-state situation: 

Rth = AT/P (1) 


C th = cm= cpV (2) 

Where, c (in J kg' 1 K" 1 ) is the specific heat at a constant 
pressure and p (in kg m' 3 ) the density of the body. The 
electrical equivalents of thermal parameters are listed in 
Table II together with the SI units in which they are expressed. 


TABLE n. Electrical equivalents of thermal parameters 


Thennal parameter 

Electrical parameter 

Temperature: T (K) 

Voltage: V(V ) 

Heat flow, power: P (W) 

Cunent: I (A) 

Heat: Q (J=W s) 

Charge: £?(C= A s) 

Resistance: R (K W 4 ) 

Resistance: R (Q= V A- 1 ) 

Conductance: G (W K- 1 ) 

Conductance: G (Q- 1 ) 

Capacity: C (J K 4 ) 

Capacitance: C (F= A s V 4 ) 

Thennal resistivity: p & (K m W- 1 ) 

Electrical resistivity: p el (Q m) 

Thennal conductivity: k (W nr 1 K- 1 ) 

Electrical conductivity: a (Q 4 nr 1 ) 

Specific heat: c p (J kg- 1 K- 1 ) 

Permittivity or capacitivity: e(F nr 1 ) 
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B. Sensing-element models 



Fig. 4 Single-element model of a thermal sensor: (a) electrical 
circuit, and (b) step response curve for a first-order circuit. 


obtain a small rand a large AT at the same time, there is only 
one method, i.e. minimize G and minimize C further. For 
minimizing C, it is necessary to miniaturize the heater 
element. The floating type air-bridge structure is useful for 
this purpose. For minimizing G, the heat-loss to the substrate 
(including the wiring) needs to be as small as possible. 

C. Thermal analysis by simulation 

Thermal analysis was performed by simulation employing the 
FUJITSU/a-FLOW software package. When the sensor 
structure and dimensions are decided, the 3-D problems of the 
heat transfer can be solved by inputting the input power P 
(W), during time r(ms) as well as the ambient temperature T, 
and the sensor component’s material properties including 
thermal conductivity Z (Wm^K 1 ), heat capacity c (J kg^K' 1 ) 
and density p (kg m' 3 ). Following heat conduction equation 
was used in calculation: 


When the details of the temperature distribution inside the 
body are of no interest, the thermal behavior is sufficiently 
described by the heat balance for the entire body 
(lumped-element model): 


C (dA T/dt) =P - G(T - T amb ) = P-GAT (3) 


dT _ fd z T b 2 t sVt, a 
+ + +l3 


(7) 


Where, Q is the generated heat in per unit volume and per 
unit time, and q is the heat transfer by. Considering fingerprint 
sensor application, q was ignored in this calculation. 


Where, C is thermal capacity of the body, G the thermal 
conductance representing the heat transfer to the ambient, and 
P the amount of power generated in the body. The 
temperature T and T amb refer to those of the body and the 
ambient, respectively. The electrical equivalent circuit is 
shown in Fig. 4-a. In the steady-state situation the temperature 
rise in the sensor above the ambient which results from the 
power dissipation P is equal to AT=T- T amb =P/G. The time 
response of the system, when the heating power is abruptly 
changed from zero to a constant value P 0 at time t =0, and 
when it is assumed that the sensor is initially at the ambient 
temperature (AT =0) and all other components in the circuit 
are chosen to be linear and constant in time, is given by: 


AT(t)= P/G ( l-exp(-t/z)) 

(4) 

t= C/G 

(5) 


Where, the time constant (or response time) t, is defined as 
the time for the signal to reach 63% of its final value (Fig. 
4-b). A similar result can be found when an abrupt change in 
T amh or in G is taken into consideration. The thermal 
impedance Z-AT/P for a sinusoidal variation of P with radial 
frequency co (rad s' 1 ) follows from basic circuit theory (where 
R=G _1 ): 

Z (co) = (G + jcoC)~ l =R ( 1+jcoRQ 4 (6) 

The above expression is for a first-order RC circuit with 
time constant r = RC. In thermal sensors, it is important to 
realize larger temperature rise with a fast response under little 
input power. For a fast response, a smaller time constant is 
necessary. In order to minimize r, it is required to minimize C 
and enlarge G. But, by enlarging G, AT will be reduced. From 
equations (4) and (5), it can be understood that in order to 


1. Simulation model 

We supposed the most severe situation in thermal 
sensor like fingerprint capture as the simulation model. 
The proposed thermal type micro fingerprint sensor, 
has arrayed high density micro heater elements. To 
provide thermal isolation, the substrate has to be made 
of a less heat conductive material, and when necessary, 
thermal insulation layers should be arranged under the 
heater elements to reduce the heat transfer to the 
substrate. When a fingertip is pressed on the sensor 
surface, the heater elements in contact with a 
fingerprint ridge, e.g., E u will show a smaller 
temperature rise than the elements facing a fingerprint 
valley, e.g., E 2 , because of the difference in the 
thermal path between the two conditions. The ridges 
act as heat sinks, while the valleys act as thermal 
insulators due to the air in the valley. When a pulsed 
voltage is applied to each heater element, element E x 
will show a smaller temperature rise than element E 2 . 
The temperature-rise differences between the heater 
elements underneath the ridges and valleys of the 
fingerprint can be used to reconstruct and display an 
image of the fingerprint patterns by means of the 
circuit technology. 

In order to simplify the calculation, the following 
conditions are supposed: 

• Heat transfer by radiation is ignored; 

• Fingertip is directly in contact with every heater 

element, and there are no fluid flow including the 
air in the valley of the fingerprint; 

• Heater elements are two-dimensionally arrayed; 

• Boundary condition at the sidewall of each sensor 

element is same to each other due to the 
structural symmetry. 
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Fig. 5 Fingerprint sensor model for the simulation calculation: 

(A) Proposed sensor structure with SOI (silicon on insulator) wafer 
as the starting material for real fabrication (a: top view, b: 
cross-sectional view); (B) Simulation model structure used in 
calculation (basic size got from Fig. A). 

The structure and dimension of the basic model is shown 
in Fig. 5. Because of the structural symmetry, only a quarter of 
the sensor element was used in simulation for the shorter of 
calculation time. For the real device design, thermal analysis 
was performed by simulation using this model changing the 
structural component (including insulation layer, cavity) and 
the size as well as material property of the components. 


2. Si0 2 layer effect 

The thermal isolation effect of a 1-pm-thick silicon 
dioxide for the sensor sensitivity was examined 
comparing with non-Si0 2 layer structure as shown in Fig. 
6 shows. Input power was 50mW/1.0ms. By 1-pm thick 
Si0 2 layer, 10°C higher of temperature rise was obtained 
on the heater element. By increasing the Si0 2 layer to the 
thickness of 2-pm, another 10°C of temperature rise was 
realized as shown in Fig. 7. Si0 2 layer can result in an 
effective thermal insulation. Nevertheless, in the real 
fabrication process, to produce a thicker of Si0 2 layer 
(>2-pm) will be time consuming and not a cost-effective 
solution. 



Fig. 6 Silicon dioxide layer effect to the thermal isolation 




Fig. 8 Cavity effect to the thermal isolation results. 
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3. Cavity effect 

Figure 8 shows the cavity effect to the thermal isolation. 
About 14°C of temperature rise is achieved at the input power 
of 50mW. However, there is almost no temperature change 
between the following two situations: the cavity is in full of air 
and in a vacuum. It means, in cavity the heat transfer by 
convection of the air is very small and can be ignored. To 
make the thermal isolation further, broaden cavity will be 
efficient than the deeper one. 


4. Heater size and material effects 

In Fig. 9, effects of the heater size and its material 
selection to the sensor sensitivity are evaluated. Silicon and 
platinum are selected as the heater material for comparing. 
Thickness of 5-pm and 0.5-pm are used in the silicon heater. 
Under the input power 50mW, about 80°C more of the 
temperature rise was obtained on the 0.5-pm thick silicon 
heater element, comparing to that of 5-pm one, due to the 
smaller thermal capacity. Under the same input power, 
another 80°C more of the temperature rise was achieved on 
the heater element by using 0.5-pm thick platinum instead of 
0.5-pm thick silicon. It is attributed by the platinum material 
properties of smaller thermal conductivity [Wm^K" 1 ] (Si: 150, 
Pt:73) and smaller specific heat Cp [J kg^K' 1 ] (Si:702, 
Pt: 132.5). At the same size, heater material having smaller 
value of thermal conductivity and specific heat is a better 
choice in thermal sensor. 



Fig. 9 Heater size and material effect (r=lms) 



Cell number of the meshing 

Fig. 10 Temperature distribution on the supporting pad of the heater 
at the thickness direction. 


5. Temperature distribution 

The heat loss from supporting pad (see Fig. 5) to the 
silicon substrate was investigated. Figure 10 shows the 
temperature distribution from the point B in supporting pad to 
the substrate in thickness direction. X-axis shows the cell 
number of the meshing in the thickness direction and Y-axis is 
the cell temperature at every position. Different colors of 
graphs correspond to the state of different moments during the 
input power time of 0~lms. Si0 2 layer results in a big 
temperature gradient. 

6. Transferred heat ratio in each component 

By the FUKITSU/a-FLOW software package, it is 
possible to evaluate the temperature distribution at every 
moment but cannot directly understand the transferred 
heat ratio in every component. Using the following 
equations, further analysis was possible based on the 
simulation results. 

Where, A shows thermal conductivity [Wm 'K 1 ] and 
&t [Wm' 2 ] the heat flux on every cell of the heater surface 
at the moment t. 

Qt = 4 ( 9 ) 

Where, q t [W] shows the amount of heat transfer 
through the heater surface S at the moment t. 

<?ro = ^ ^I dt ( 10 ) 

Where, Q t ^ [J] shows the total amount of heat 
through the heater surface S during the time of 0~t 0 . 

Q = P X t (11) 

Where, Q is the total amount of the heat [J], P is the 
input power [W], and t [s] is during time of the input 
power. 

G=53=iG, (12) 

Where, m shows the number of sensor components 
for example heater element, isolation membrane and 
substrate, and the subscript x refers to one of the any 
component. 

<?, = X c, x V r: x (T r - T 0 )} (13) 

Where, n shows the meshed cell number in every component, 
and the subscript i refer to one of the any cell in every 
component. In addition, p shows the density [kgm' 3 ], c the 
specific heat [J kg' 1 K' 1 ], V the volume of component, T xj the 
cell temperature of every component [K], and T 0 the ambient 
temperature [K]. 

Q„ = (^) x 100% (14) 

Where, the subscript r refers to the heat ratio of every 
component to the total heat generated in the heater. 

— = f^x ( 15 ) 


41 


www.erpublication.org 

























International Journal of Engineering and Technical Research (IJETR) 
ISSN: 2321-0869 (O) 2454-4698 (P), Volume-7, Issue-2, February 2017 


Where, T x(mean) shows the mean temperature of every 
component. At the condition of 150mW input power and 3ms 
of moment time, the calculated heat rate consumed in every 
component is shown in Table III. Most of the input power is 
consumed in the substrate. Here, the material properties of the 
fingertip that necessary in simulation calculation are used as 
leather and air [Data from reference 41]. Leather: thermal 
conductivity A: 0.15 (W m^K' 1 ), heat capacity c : 1.5 (J 
kg^K' 1 ), and density p: 1.0 (kg m' 3 ). 

7. Material property effects 

Selection of the substrate and the heater material is an 
important point in the applicable sensor design. In order to 
understand the effects of their material properties to the 
sensor sensitivity, the author evaluated the effects of the 
substrate and the heater by varying their thermal conductivity 
A (Wm^K" 1 ), heat capacity c (J kg^K' 1 ) and density p (kg m' 


). Figure 11 shows the simulation results about the effects of 
substrate and heater's material properties to the thermal 
isolation at the structure condition of 400-pm thick substrate 
and 5-pm thick heater with 1-pm thick Si0 2 layer. Input 
power is 50mW and input power during time is 1ms. In Fig. 
11, (a) is the effect of thermal conductivity, (b) is that of 
density and (c) is that of specific heat. Form Fig. 11, it is 
known that varying the parameters of heater material 
properties is not so sensitive to the heater temperature 
comparing to that of the substrate. Furthermore, when varying 
the material properties of substrate, thermal conductivity is 
the most sensitive parameter. It means that, at the condition of 
the same structure, to change thermal conductivity of the 
substrate is an efficient way for the desired thermal isolation. 
In Table IV, thermal properties of some commonly used 
materials are summarized. 


TABLE m. Consumed heat rate in every component 


Heat rate [%] 

Fingertip coiitactmg' - ~~~---«--^ m ^ 

Qlieater I % I 

Qsi0 2 

Qsubstrate [%] 

Q fingertip E'°] 

Finger ridge-contacting 

0.87 

0.35 

82.4 1 

16.36 

Finger valley-contacting 

1.05 

0.45 

98.48 

0.02 


(input power: 150-mW, time duration: 3-ms) 
TABLE IV. Comparing of material properties (data from [41-44]) 


v^NIaterial 




Polyimide film 




Parameter\, 

Silicon 

Si02 

SLtfSU 

Kapton 

Upilex 

Pt 

Ki 

Cu 

X (W m 1 K 1 ) 

150 

1.4-11 

16-33 

0.12 

0.29 

73 

59 

384 

p (g cm' 3 ) 

2.3 


3.4 

1.42 

1.47 

21.4 

S.9 

8.9 

C(J kg-* K-*) 

702 

S40 

710 

1130 

1090 

132.5 

461 

394 



Fig. 11 Effects of substrate and heater's material properties to the 
sensor sensitivity at the dimensional condition of 400-pm thick 
substrate and 5-pm thick heater with 1-pm thick Si0 2 layer. Input 
power is 50mW and input power during time is 1ms: (a) effect of 
thermal conductivity; (b) effect of density; and (c) effect of specific 
heat. 


IV. Mechanical strength analysis by simulation 

The sensor structure must have enough mechanical 
strength, because of the unavoidable contacting pressure in 
the particular application of a fingerprint sensor. Human 
fingertip pressure on the fingerprint sensor surface is 
supposed to be lkg/cm 2 . To investigate mechanical strength 
of the structure, the Finite Element Method (FEM) was used 
employing the I-DEAS software package. Figure 12 shows 
the simulation results. The sensor dimensions and the 
geometrical shape are from Fig. 5-(A). Figure 12-a show the 
created FE model with a uniform load of lkgf/cm 2 on the 
heater element (silicon air-bridge) and the Si0 2 diaphragm. 
Underneath the heater element is a cavity isolated from the 
heater element by the 1-pm thick Si0 2 diaphragm. Figure 
12-b shows the used mesh. Fine meshes are taken in the area 
of the air-bridge in order to investigate detail information 
about the stress concentration. Figure 12-c shows the 
calculation results. The maximum stress on the sensor element 
reached 2.59xl0 5 mN/mm 2 . Because the yield strength of 
silicon and Si0 2 is 7.0xl0 6 and 8.4xl0 6 mN/mm 2 , 
respectively (data from the “MEMS Material Database” [42] ), 
it is clear that the proposed structure has enough mechanical 
strength. 
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RE SUL TS (uni: mNAnni ): 2 

STRES S / MIN: 2 39E+01, MAX: 2.59E-KI5 

Yield Strength of usedMaterialftmit: 2J9E+0* 
(R-cm. MEM5 Mite rail Database: Ms asuremerts) 

Silicon: 7 JOE+06 
Si02: 8.4E+06 

2 J08E+04 

lJiE+0* 

7 jS.'i E-Hj 3 

2 29E+01 


Fig. 12 Mechanical strength analysis by I-DEAS: (a) simulation 
model; (b) meshed state for calculation, and (c) calculation results 
by simulation. 

In order to evaluate the sensor properties experimentally, 
prototype is fabricated to realize the target structure of Fig. 
5-(A) as shown in Fig. 13. In the prototype, a p-type (100) 
SOI wafer was used as the starting material. 

The model and analysis by simulation in this paper was 
performed using the most severe situation of fingerprint 
capture as the example. For the limit to the number of page, 
the evaluation by experimental results and the polymer based 
approach will be reported in another paper “Structural design 
points in arrayed micro thermal sensors (II) ~ Experimental 
verification ~ “ 



Fig. 13 SEM picture of the first prototype: (a) arrayed micro heater 
elements consisting of a diaphragm and a laterally interpenetrated 
cavity under each element; (b) enlarged view of (a), and (c) optical 
microscopy image of (a). 


V. Summary 

Design points of single and arrayed micro thermal sensor 
structures are discussed including its fabrication process 
technology. Approach of electrical-thermal analogies is 
applied to analyze the effects of the sensor structure as well as 
the composed material properties to the thermal characteristic 
of the sensor by simulation. In this paper the simulation 
analysis was performed using the model that associated with 
the most severe situation of fingerprint capture as the 
example. 

By simulation, the following features were become clear: 

(1) . Si0 2 layer can result in a big temperature gradient, and 
the insulation effect shows linear increase with its 
thickness by 10 °C/pm thermal isolation results. 

(2) . 40-pm depth of cavity under the heater element acts as 

a good insulation layer. The heat transfer by convection of 
the air in the cavity is negligible, and there is almost no 
difference in the isolation effects between air and vacuum 
in the cavity. So, for the purpose of further thermal 
isolation, broaden cavity will be more efficient than the 
deeper one. 

(3) . Thermal capacity of the heater element need to be as 

small as possible for the heat loss and thermal response. 
Under the input power 50mW, over 80°C of the 
temperature rise was obtained on the 0.5-pm thick silicon 
heater element, comparing to that of 5-pm one, due to the 
smaller thermal capacity. 

(4) . Heater element material properties such as thermal 

conductivity and specific heat as well as density need to be 
as small as possible. Under the same input power, another 
80°C more of the temperature rise was achieved on the 
heater element by using 0.5-pm thick platinum instead of 
0.5-pm thick silicon. It is attributed by the platinum 
material properties of smaller thermal conductivity 
[Wm 'K 1 ] (Si: 150, Pt: 73) and smaller specific heat Cp [J 
kg 'K" 1 ] (Si: 702, Pt: 132.5). 

(5) . Proposed structure of the fingerprint capture with a 

5-pm tick silicon heater-bridge and 1-pm thick Si0 2 
diaphragm have enough strength to the fingertip pressure 
(>10 N/cm 2 ). 

(6) . Over 80 % of the input power was consumed at the 

substrate. Thermal conductivity of the substrate is the 
most sensitive parameter and the idea of thermal isolation 
from the heater element to the substrate is the most 
important key point in the structural design to realize a 
high resolution and sensitive micro thermal sensor. 

Further of the results based on the experimental verification 
in silicon-based approach and the results of polymer based 
approach will be reported in another paper soon. 
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